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Abstract 
The structural and electronic properties of ternary AlxTiyNiz clusters, where x, y, and   are 
integers and               are investigated. Both SVWN and B3LYP exchange-correlation 
functionals are employed in a two-stage density functional theory (DFT) calculations to generate 
these clusters. In the first stage, a minimum energy cluster structure is generated by an unbiased 
global search algorithm coupled with a DFT code using a light exchange-correlation functional 
and small basis sets. In the second stage, the obtained cluster structure is further optimized by 
another round of global minimization search coupled with a DFT calculator using a heavier 
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exchange-correlation functional and more costly basis set. Electronic properties of the structures 
are illustrated in the form of a ternary diagram. Our DFT calculations find that the 
thermodynamic stability of the clusters increases with the increment in the number of constituent 
nickel atoms. These results provide a new insight to the structure, stability, chemical order and 
electronic properties for the ternary alloy nanoclusters. 
Keywords: Al-Ti-Ni ternary alloy clusters, ground state structures, first-principles calculations, 
electronic structures  
 
I. Introduction  
Atomic clusters are aggregates of atoms ranging from a few to thousands of atoms or molecules. 
Nanoclusters are atomic clusters with a diameter in the order of nanometers. They exhibit 
distinctly different electronic and structural behaviors compared to their larger size counterpart 
due to low dimensional and quantum confinement effects [1]. From the year 2000 onwards, 
transition metal clusters had been intensively studied, both experimentally [2]–[7] and 
computationally [8]–[31]. Nanoclusters, mainly binaries or ternaries, have attracted much 
attention due to their broad applications in catalysis [32]–[34], magnetic-recording materials [35] 
and biological applications, to name a few. For example, FeAlAun (   – ) [36], Fe-Co-Ni 
[1],[39],[40], Fe-Co-Pd [39] and Ag-Au-Pd [40] trimetallic clusters have been studied for their 
magnetic, electronic, and structural properties.  
In the search of the ground state structures of ternary alloy clusters, one common practice 
is to generate them based on classical and semi-classical methods such as adoption of Gupta 
potential, Sutton-Chen potential, and others empirical potentials. These empirical or semi-
empirical results commonly show that the ground state structures of the small clusters are in the 
shape of an icosahedron, whereas truncated octahedron and a truncated decahedral structure is 
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favored by the large clusters [2]. Structural evolution of cluster can be explained and tackled by 
classical and semi-classical approaches but these methods may fail if the electronic effects from 
valence electrons of the atoms have to be taken into account [1], [39], [40]. Using classical and 
semiclassical approaches in the search of ground state configurations for transition metal clusters 
will produce unreliable results, due to the existence of localized d orbitals [41]–[44].  
Electronic structure and stability of transition metal clusters, such as intermediate size 
3d/4d element clusters (especially 13-atoms cluster), have been studied extensively by DFT 
methods in the last two decades [17]–[31]. However, the simulation results fluctuate with 
different DFT software and optimization methods employed [41]–[44]. In DFT calculations, 
structural and energy values for a nanocluster might be different due to various types of 
exchange-correlation (XC) functional and basis set employed in the calculation, for example, 
Ag13 and Cu13 nanocluster that had been reported by applying either Gaussian orbital or plane-
wave based DFT [25]–[29]. DFT results also vary with inclusion or non-inclusion of semi-core 
states in the pseudopotential [35], [45].   
Currently, a few theoretical works on the binary alloy Al-Ti, Al-Ni and Ti-Ni small size 
nanoclusters can be found.  Based on theoretical and experimental studies on the Al-Ti, Al-Ni 
and Ni-Ti binary alloy systems [46], [47], [48], [49] [50], [51] and ternary alloy system Al-Ti-Ni 
[52]–[54] , binary and ternary alloy clusters might have potential to act as potential catalyst in 
industrial engineering [44]. Researches done using DFT includes: aluminum-doped titanium 
cluster AlTin (      )  by Xiang et al. [55], titanium-doped aluminum cluster AlnTi 
(      ) by Hua et al. [41], electronic and structural properties of Al-Ni cluster (   ) by 
Zhao et al. [43] and bimetallic Ti-Ni clusters (    ) by Chen et al. [42]. In contrast, literature 
about global search and generation of ground state structures of trimetallic clusters by employing 
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full ab-initio method is very scarce. Trimetallic nanoclusters FexCoyPdz (           ) [39] 
and FexCoyNiz (                   ) [1], [37], [38] were studied for its interesting 
electronic and magnetic properties.  
The structural and electronic properties of AlkTilNim (                ) [44], [56] 
and AlnTinNin (        ) [57] clusters had been investigated by Erkoc and Oymak [56]. Al-
Ti-Ni cluster structures are generated by these authors based on a molecular dynamics (MD) 
scheme that applies Lennard-Jones (for two body part) and Axiltod-Teller triple-dipole potentials 
(for the three-body part) [58], whereas the electronic properties of the obtained structures are 
evaluated via DFT calculations within the Becke three-parameter Lee-Yang-Parr (B3LYP) and 
effective core potential level.  
Complementing the work done by these authors, an unbiased search for the ground states 
structures of AlkTilNim clusters employing full DFT calculations has been carried out by the 
present authors recently (Koh et. al)[59]. The present paper is a natural continuation of our work 
which stops at the cluster size of 4 atoms. In our previous work, a two-stage computational 
strategy involving DFT calculations subjected to XC functional with a different computational 
cost at each stage was deployed to obtain the ground state structures for Al-Ti-Ni clusters. Two 
global minimum search algorithms, namely, basin-hopping (BH) [10] and cut-and-splice genetic 
operator [60] were incorporated as an integral part of the two-stage computational strategy. DFT 
was the only energy calculator employed in the two-stage algorithm. The two-stage algorithm 
has a practical advantage over other unbiased global minimum search for ground state structures 
of multi-elements clusters. In contrast to other global search algorithms that apply density 
functional tight-binding theory (DFTB) [61], [62] or MD [12], [13], [15] as energy calculator, 
this calculation strategy does not require Slater-Koster files and empirical potential. In order to 
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provide a robustness check to the correctness and accuracy of the AlkTilNim clusters generated 
using the two-stage global search cum DFT strategy against the published results of the same 
clusters in the literature, we need to go beyond the small cluster size 4 atoms, which only offers a 
small number of distinct atomic composition. In this paper, we wish to further strengthen the 
reliability of the two-stage global search strategy with DFT as proposed in our previous work by 
reporting the ground state structures of AlxTiyNiz up to              atoms. Ternary clusters 
with 6 atoms offer a far richer variation in the atomic composition than ternary clusters with only 
4 atoms. We shall also report the geometric, chemical order and electronic properties of the 6-
atom Al-Ti-Ni clusters of different stoichiometries in the form of ternary diagrams. 
 
II. Computational Method 
The capability to find the global minimum in the potential energy surface (PES) is 
strongly affected by the initial configuration in a global search algorithm, in which it is highly 
possible that iterations from an initial configuration tend to be trapped in a local minimum with a 
high energy barrier. Due to this reason, it is advisable that the search algorithm is initiated with a 
series of different initial configurations.  
 The computational strategy used in the present paper is based on a search algorithm that 
integrates basin hopping (BH) with genetic algorithm, known as the Parallel Tempering 
Multicanonical Basin-Hopping plus Genetic Algorithm (PTMBHGA), first proposed by Hsu and 
Lai [61]–[65]. Basin Hopping technique is an unbiased optimization method that is introduced by 
Wales and Doye [10] and Li and Scheraga [11]. This optimization approach has been widely 
employed in numerous theoretical works to locate the ground state structure or a global 
minimum energy state of an atomic cluster system. BH makes use a genetic-like operation 
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known as angular move or random displacement (AMRD) [9], [10], [61]–[64]. AMRD is a 
random move method to alter the positions of the cluster structure and thus give birth to a new 
configuration. An advantage of using this method is it effectively helps to discover the optimized 
energy value for potential energy functions with a funnel landscape. 
Apart from BH, the PTMBHGA code also includes another powerful unbiased search 
algorithm, the well-known genetic algorithm (GA). GA starts with a population of initial 
(guesses) candidates, known as “parents”. A selection process is stipulated and applied to sort 
out the best candidates among the parents and discard the remaining ones based on the fitness 
[63], [64] of each candidate. A genetic operator is then invoked to generate new individuals 
(children) as subsequent replacement of the discarded parents. The process is repeated until the 
best collection of individuals is found and the global energy minimum is presumably contained 
in this collection. The version of PTMBHGA code we use for this work provides a selection of 7 
genetic operators (GOs). However, after some initial trial-and-error calculations it is realized that 
the only essential operator effective for the present system (which is a multiple component alloy 
cluster) is the cut and splice GO. Its operation employs and cut and splice technique to generate 
new structure configurations from a previous one [60]. 
Our previous work [59], as well as the present one, use a modified version of the original 
PTMBHGA code for generating and optimizing the configurations of Al-Ti-Ni multi-component 
alloy clusters. The PTMBHGA code used in this work is interfaced with the first-principles DFT 
package Gaussian 09 (G09) [65]. The modified PTMBHGA code shall be dubbed „PTMBHGA-
G09‟. In the nomenclature for the unbiased search of ground state structures of clusters, 
PTMBHGA is referred as the „global optimizer‟, while G09 the „energy calculator‟ [66]. 
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Recall that our main objective is to obtain the lowest energy configuration of an AlxTiyNiz 
cluster (       ) with arbitrary composition at the DFT level, initiated from a random 
initial configuration. To this end, the calculation procedure is divided into two stages. In the first 
stage, low-lying structures (LLS) are generated to populate the DFT potential energy surface 
(PES) by using two algorithms, namely, BH and GA. The procedure proceeds as the following. 
Initially, 20 parent configurations are randomly generated using BH or GA at a 50:50 probability. 
Each of these parent configurations is locally relaxed by the default optimization algorithm in 
G09, which provides the total energy of the locally optimized configuration. This configuration 
will be used as an initial configuration to produce offspring configurations by using either BH 
(AMRD operation) or GA (cut and splice operation) at a 50:50 probability. The resultant 
configurations are again subjected to a local energy relaxation by G09 that determines their total 
energy. The DFT calculation in G09 is performed by using the Slater, Vosko, Wilks, and Nusair 
(SVWN) exchange-correlation functional and 3-21G Pople basis set [65]. In G09, SVWN is an 
XC functional equivalent to the local spin density approximation (LSDA). For the sake of 
convenience, we shall dub the 200-step procedure described above as the „BH-GA generating 
procedure‟, which can be summarized as follows: 
 
 
 
 
The process above is repeated for 200 cycles for each parent configuration. The completion of 
these 200 cycles for each parent configuration is termed a generation. At the end of the 200 
initial configuration  GA/BH  offspring configurations  locally 
relaxed/optimized by G09  choose the configuration with lowest energy as the 
next initial configuration if there are more than one configuration  initial 
configuration  GA/BH  … 
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cycles, the latter configuration is relaxed to its local minimum by the Limited-memory Broyden–
Fletcher–Goldfarb–Shanno (L–BFGS) [67] and SVWN/3–21G from G09 is used in this local 
minimization process [62]. Within one generation, many configurations of cluster would have 
been generated and scanned, with their total energy calculated at the DFT level. A fixed number 
of configurations with the lowest energy, known as low-lying structures (LLS), are kept in a 
„configuration bank‟ during the 200-cycle generation. 20 LLS are selected from the 
„configuration bank‟ based on a criterial known as „fitness‟, which is essentially an objective 
function originally defined and coded in the original PTMBHGA algorithm [63], [64]. 5 
configurations with the poorest fitness score will be discarded. The deficit in the number of 
parent configurations will be replenished by new ones randomly generated by GA or BH. These 
15 + 5 configurations are then subjected to another round of generation process as described 
above for 50 generations. The completion of the 50-cycle generation process marks the end of 
our first stage calculation procedure.  At this point, the „configuration bank‟ would have 
accumulated sufficient (hopefully) LLS that represents a reasonable sampling of the potential 
energy surface of the cluster at the DFT level. 
 In the second stage, the cluster configuration with the lowest energy from the first stage is 
chosen (from among the many LLS) and fed into the PTMBHGA-G09 as the only „parent‟ 
configuration (recall that, as a case of comparison, in the first stage there are 20 parents). A 50-
step „BH-GA generating procedure‟ is carried out. However, in the second stage, the „BH-GA 
generating procedure‟ uses a more expensive G09 setting as compared to that used in the first 
stage. Specifically, the Becke three-parameter Lee-Yang-Parr (B3LYP) exchange-correlation 
functional and 6–311G* basis set are deployed. In addition, the Berny optimization procedures 
for geometry optimization [68] in the G09 is fixed to 100 cycles (which is larger than the default 
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value used in the first stage). Calculation of vibrational frequency using ultrafine grid, which 
costs additional computation resources, is concurrently carried out during each BH-GA step in 
the second stage. The resultant configuration at the end of the second stage is presumably the 
ground state structure we are seeking. The vibrational frequency calculation implemented in the 
second stage ensures that the final ground state structure obtained is located at a minimum 
instead of being in a transition state. For the ionic part, we applied the L–BFGS [67] method to 
perform without any constraints the optimization of the cluster‟s geometry [62]. There are five 
convergence parameters in G09, namely, maximum force, root means square force, maximum 
displacement, root means square displacement and threshold energy. Default values of these 
convergence parameters are used in all of our calculations, namely, maximum and root means 
square force are set to the           and        , maximum and root means square 
displacement are set to            and            respectively. The threshold energy is set 
to              . 
In this paper, magnetic properties of the Al–Ti–Ni clusters are not presented. Hence, spin 
multiplicity for a cluster with even number of electrons is set to one (singlet), whereas the spin 
multiplicity is set to two (doublet) for a cluster with an odd number of electrons. According to 
paper [69], finding out spin multiplicities of the clusters indicates the importance effects of the 
clusters, but such calculations requires high computational costs.  
In the present work, the size of the Al-Ti-Ni clusters is larger than that in [59]. If we were 
to use exactly the same simulation parameters as in the case for the 4-atom clusters, the 
computation time would become unbearably lengthy (subjected to the constraint of our 
computational resource). To render the 6-atom calculation be completed within a practically 
affordable time scale, the number of BH-GA steps are increased in the first stage so that a larger 
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number of optimized structures, hence a larger area in the potential energy surface, are scanned. 
To compensate for the increase in the resource allocated to the first stage, the number of BH-GA 
steps used in the second stage is reduced. Despite the reduction of the BH-GA steps in the 
second stage, the calculation procedure for obtaining the ground state structure of the 6-atom 
clusters still costs approximately three times as lengthy as compared to that of the 4-atom 
clusters reported in our previous work. We found that by following the above mentioned 
modified tweak to the two-stage calculation strategy, the results obtained for the 6-atom clusters 
matched well with other published works (to be discussed in the following sections). 
 
III. Results and Discussion 
 
A. Structure: geometry and average interatomic distance (AID) 
All the Al-Ti-Ni six atoms clusters are shown in Fig. 1, and their type of structures are listed in 
Table 1. For ternary metallic clusters, ground state structure for Al2Ti2Ni2 generated by the two-
stage algorithm agrees with the work by Erkoc and Oymak [57]. For single element clusters, Al6 
possesses a geometry of regular octahedron that agrees well with results published by Jones [70]. 
Likewise, Ti6 cluster is found to have a regular octahedron shape, which agrees with the finding 
of Medina et al. [71], but not in agreement with the result of bicapped tetrahedron structure by 
Xiang et al. [55] using LSDA exchange-correlation. Ni6 cluster with the lowest total energy, 
acquired by using the two-stage DFT method, possesses a four fused triangle geometry with an 
energy 0.132eV lower than the work of Parks et al. [72] and Ramirez et al. [1] who claim that 
isomer for global minimum energy Ni6 depicts an octahedron structure. For bimetallic clusters, 
our simulation for Al5Ti cluster shows the similar result as Hua et al. [41] which employs tight 
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binding genetic algorithm (TBGA) combined with DFT. However, the generated ground state 
structure for AlTi5 cluster is in the shape of bicapped tetrahedron versus regular octahedron 
shape found by Xiang et al. [55] using LSDA. For Ti-Ni system, our work delivers the same 
result as those carried out by Chen et al. [42] for Ti2Ni4, Ti3Ni3 and Ti4Ni2 cluster; the TiNi5 and 
Ti5Ni clusters structures are not reported in their work. To the best of our knowledge, 
experimental data for small binary and ternary clusters consisting of the combination of Al, Ti, 
Ni atoms is unavailable, and hence unable to be compared with this work.  
In Fig. 2, the average interatomic distance (AID) of the cluster as a function of atomic 
composition is illustrated and the AID values are presented in Table 2 (see the Supplementary 
Information Material) for each cluster. Ni6 cluster possesses the smallest AID whereas Al6 has 
the largest AID among all generated clusters in the AlxTiyNiz system. Among binary clusters, Al-
Ti clusters have larger values of AID, especially the Al4Ti2 cluster which is the candidate with 
the second largest AID in the system. In the Al-Ni and Ti-Ni binary clusters, the AID of these 
clusters decreases as the number of nickel atom inside the system increases. The AID of TiNi5 is 
the lowest among the binary clusters and is the second shortest interatomic distance in the system. 
Among the ternary clusters, the AID of Al3Ti2Ni is the largest whereas AlTiNi4 has the shortest 
AID.   
   
B. Stability: binding energy per atom (  ), excess energy (    ) and the second difference  
     energy (  ) 
Binding energy per atom (  ) is employed to measure the total thermodynamic stability of a 
cluster [73]–[76].    of a cluster is calculated by using the equation: 
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A cluster would be considered more stable when its    is more negative [1], [77]. In Fig. 3, the 
binding energy,    of the AlxTiyNiz clusters as a function of the atomic composition is presented 
by a simple ternary diagram. Values of binding energy are found to be larger for binary Al-Ni 
and Ti-Ni regions, especially when Ni composition is increased, or Al or Ti composition is 
reduced. The Al6 cluster has the smallest binding energy among the entire cluster population. The 
binding energy of the AlxTiyNiz cluster is governed by the number of Ni atoms in the system. 
Apparently, binary and ternary clusters with higher Ni concentration such as Ti2Ni4, Ti3Ni3, 
AlTiNi4, and AlTi2Ni3 clusters would display larger   , i.e., 3.28, 3.28, 3.27 and 3.25 eV 
respectively.  
 Compared to the binding energy (  ), excess energy (    ) is a parameter more sensible 
to the geometries of clusters. Second order difference energy (  ) is another crucial parameter to 
determine against the replacement of an element by a different one in a system. Calculations for 
the values of    and      for the ternary clusters are carried out to further determine the cluster 
formation with the given composition, which is known as possible magic compositions. Ferrando 
et al. [40] and Granja et al. [1], [77] have used a similar quantitative approach to access the cases 
of binary and ternary clusters respectively.      and    can be calculated for the AlxTiyNiz 
system as follows (       ): 
 
    (         )    (         )   
  (   )
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,  (             ) 
    (             )    (             ) 
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where      and        is the total number of the nearest neighbor structure and normalization 
factor of a cluster, respectively. The normalization factor (      ) of    is equal to two for 
single element clusters, four for binary clusters and six for ternary clusters to ensure a better 
comparison for pure, binary and ternary clusters. 
 The values of binding energy per atom, excessive energy, and second-order difference 
energy are tabled in Table 2. Clusters with more negative      value tend to be mixed while pure 
element clusters possess zero excess energy,        (it tends to segregate); AlN, TiN, and NiN 
single element clusters are less preferable than the ternary and binary clusters in cluster 
formation. A cluster with the most negative    value also infers that it retains high relative 
stability and it also can be considered as a magic composition. In Figs. 4 and 5, the values 
obtained for      and    are plotted to display the stability of six-atom clusters (refers to Fig. 1). 
As the number of heteronuclear bonds within the cluster increases, its stability increases, which 
reflects elements in the cluster tends to be mixed rather than segregated. From Figs. 4 and 5, both 
     and    exhibit a similar trend with the composition. In Fig. 4 and Fig. 5, binary Al-Ni and 
Ti-Ni, and the Ni-rich ternary compositions tend to possess larger values of      and   . This is 
observed in Co-Ni clusters as well [1], [37], [38], which are very near to the pure Ni and Co 
compositions in the ternary diagram and are the least favored candidates for alloy 
characterization. Although the value of    for the AlNi5 is slightly lower than the Ti2Ni4 cluster, 
values of      and    for AlNi5 are much larger than the Ti2Ni4 cluster. Comparing the minima 
obtained for      and maxima for   , the most favorable binary and ternary alloys clusters are 
AlNi5 and AlTiNi4. This is supported by the fact that these alloys are found abundantly in cluster 
growing experiment [37].  
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C. Chemical Order 
Segregation or mixing phenomenon (also known as chemical order) for all the AlxTiyNiz cluster 
configurations is studied to discern the mutual influence of the multi-component alloy structure. 
Chemical order is a parameter introduced by Ducastelle [78] to study bulk-like binary alloy 
systems. A clear distinction between disorder and mixing [37] is displayed by bulk-like binary 
alloy systems when its chemical order value,  , approximates zero and small negative, 
respectively. Ordered phases such as layered-like phase may emerge in the bulk-like binary alloy 
systems when   is a large negative value [78]. Chemical order   as a function of the relative 
composition has the following characteristics: positive when homoatomic pairs dominate over 
the heteroatomic pairs, which means that segregation or phase separation takes place in a cluster; 
negative when mixing is present, indicating that hetero-atomic pairs are more prominent in the 
cluster. If the value of chemical order approximates zero (   ), this implies that the cluster 
undergoes a phase transition from segregation to mixing or vice-versa. 
Based on several literature reviews [38], [40], [78], the chemical order parameter ( ) in 
our case can be defined as follows: 
 
  
                                         
                                         
   
 
(5) 
where      is the number of nearest  –  bonds (see the column of     pairs distribution in 
Table 3, Supplementary Information Material). 
 The order parameters   for all the cluster configurations are given in Table 3 and Fig. 6. 
As expected, segregation (   ) is observed near the corner of the triangle, i.e., in the region 
where all the pure elements clusters are located, e.g. Al6, Ti6, and Ni6 clusters. Bimetallic clusters 
15 
  
 
Al5Ni, TiNi5, and Ti4Ni2 clusters display zero order parameter, indicating a transition between 
segregation and mixing. The mixing phase (with negative   value) are located mainly at the 
central region of the triangle (also known as a ternary region), inferring that ternary clusters 
prefer mixing and their stability increases with more heterogeneous bonds.   
 
D. Electronic Properties: ionization potential (IP), electron affinity (EA), Global hardness  
     ( ), Mulliken electronegativity ( ), HOMO-LUMO energy gaps (    ) and   
      Polarizability ( ) 
Fig. 7 and Fig. 8 show the ionization potential (IP) and electron affinity (EA) for AlxTiyNiz 
clusters. Definitions of ionization potential (IP) and electron affinity (EA) in the context of the 
AlxTiyNiz clusters are given in the Supplementary Information Material. Electrons are difficult to 
be removed from a neutral cluster when a cluster obtains a higher IP value. A cluster with higher 
EA indicates that a large amount of energy is released when an electron is added to a neutral 
cluster. In Fig. 7, high values of IP are observed at Al-Ni edge of the ternary diagram, and AlNi5 
cluster acquires the highest IP among all the clusters. Highest value of IP also means that it is 
very hard to expel an electron from the AlNi5 cluster in order to form a cationic cluster. However, 
IPs of all the ternary clusters are slightly lower when compared to the pure element Ni6 cluster 
and binary clusters. The entire pure element clusters exhibit high EA values. High values of EA 
are displayed along the Ti-Ni edge, especially TiNi5 cluster that possesses highest value of EA 
among all the clusters. AlNi5 and Al3Ni3 clusters are the clusters which exhibit a negative value 
of EA. This indicates that AlNi5 and Al3Ni3 clusters are highly unstable to form an anionic 
cluster when an electron is added to it.   
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 The values of IP and EA obtained are then applied to calculate global hardness ( ) and 
Mulliken electronegativity ( )  for all the cluster configurations (see the Supplementary 
Information Material for the definitions of   and  ). Both   and   parameters are shown in Fig. 9 
and Fig. 10. Besides IP value, AlNi5 cluster also possesses the highest value of global hardness 
in the system. The Mulliken electronegativity is correlated to the chemical potential ( ) of the 
system. The largest electronegativities are in the vicinity of pure Al6 cluster and ternary alloy 
Al4TiNi cluster.  Electronic data that includes ionization potential, electron affinity, global 
hardness and Mulliken electronegativity for the Al-Ti-Ni cluster system are reported in Table 3.  
The energy difference between the HOMO (highest occupied molecular orbital) and the 
LUMO (lowest unoccupied molecular orbital) is known as molecular orbital energy gap (    ). 
     can be used to measure the capability of an electron to transfer from an occupied orbital to 
an unoccupied orbital [79]–[81]. Referring to the work by Sansores et al. [82], the overall      is 
defined by  
      | (      )   (     )|    
      
              *    +  
 
(6) 
Spin value for HOMOα, LUMOα, HOMOβ, and LUMOβ are performed for the opened shell 
systems whereas spin value HOMOα and LUMOα are calculated for the closed shell systems. 
Chemical reactivity of a cluster is weak when a cluster possesses a high value of     . In Fig. 11, 
     for all the AlxTiyNiz clusters are illustrated in the form of a ternary diagram. The bimetallic 
AlNi5 cluster and trimetallic AlTiNi4 exhibit the largest value of      along the Al–Ni and Ti–Ni 
edges. Larger values of the      are observed for most of the ternary clusters, which reaffirm that 
the clusters are stable with respect to alloying. The value of      for each cluster can also be 
found in Table 2. One of the most important observables for the understanding of the electronic 
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properties of clusters is static polarizability. The mean polarizability is calculated from 
polarizability tensor components as: 
The mean polarizability is proportional to the number of electrons of the system, and it is very 
sensitive to the delocalization of valence electrons as well as to the structure and shape of the 
system [83]. The average B3LYP/6-311G* values of static mean polarizability calculated using 
equation at above and mean polarizability per atom are shown in Table 4. Unfortunately, there 
are no measurements of static electric polarizabilities that can be compared to our system. For 
mono–element cluster, Ni6 cluster possesses the lowest value of mean polarizability per atom, 
followed binary element cluster that are TiNi5. Binary element such as Ti2Ni4, AlNi5, Al22Ni4 
clusters also have the lower mean polarizability per atom values when compared to other binary 
alloy clusters. The ternary alloy cluster that possesses a lowest value of mean polarizability 
peratom is AlTiNi4. It is found that the value of mean polarizability per atom is decreased when 
the numbers of nickel atoms inside the Al-Ti-Ni system are increased. In Table 2 and Table 3, 
the unit for average interatomic distances is Angstrom ( ). The unit for binding energy per atom 
(  ), excess energy (    ), second order difference energy (  ), HOMO–LUMO energy gaps 
(    ), ionization potential (IP), electron affinity (EA), global hardness ( ) and Mulliken 
electronegativity ( ) is electronvolt (  ). Chemical order,  , is unitless. In Table 4, the unit of 
total energy (   ) and summation of total energy and zero point energy (      )  is 
electronvolt (  ), whereas static mean polarizability (〈 〉 ) and mean polarizability (〈 〉  ⁄  ) is 
atomic unit (    ). For your information, tables 2, 3 and 4 are located in Supplementary material 
Information. 
〈 〉  
 
 
(           )  
 
(7) 
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IV. Conclusion 
 
We have calculated the stability, geometric and electronic properties of ternary AlxTiyNiz 
(       ) clusters by using a two-stage procedure. In the first stage of the procedure, the 
basin-hopping genetic algorithm is coupled with a density functional theory calculator using a 
relatively cheaper basis set SVWN/3–21G, while in the second stage, the more expensive 
B3LYP/6–311G* basis set is used. Clusters with a high concentration of Al exhibit higher 
interatomic distance while those with a high concentration of Ni display smaller interatomic 
distance. Ni-rich clusters not only display smaller values of binding energy and excess energy, 
but they also exhibit larger values of second difference energy and HOMO-LUMO energy gap. 
Among all the clusters, AlNi5 cluster possesses a maximum value of ionization potential and 
global hardness. Analysis based on chemical order parameter indicates that ternary AlxTiyNiz 
clusters favor mixing rather than segregation. The investigation on the structural and electronic 
properties of the six-atom ternary alloy nanocluster serves as an natural extension to our previous 
paper on 4-atom AlxTiyNiz clusters. The richness of the structures of the 6-atom clusters, hence 
the spectrum of reactivity properties, span a larger breadth than that offered by the 4-atom 
clusters. Although some general tendencies have been derived, further theoretical and 
experimental investigations of these Al-Ti-Ni clusters are required. The present work of small 
ternary AlxTiyNiz clusters could stimulate further research of physical, chemical and magnetic 
properties of ternary clusters, especially the magnetic properties of these particular clusters that 
have not yet been investigated so far.   
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Pure structure Binary Structure Ternary Structure 
006 Four fused triangle 015 pentagonal pyramidal 114 Irregular octahedron 
060 Regular octahedron 024 regular octahedron 123 
edge-capped trigonal 
bipyramidal 
600 Regular octahedron 033 
edge-capped trigonal 
bipyramidal 
132 Bicapped tetrahedron 
  042 Bicapped tetrahedron 141 Irregular octahedron 
  051 Bicapped tetrahedron 213 
edge-capped trigonal 
bipyramidal 
  105 Bicapped tetrahedron 222 Bicapped tetrahedron 
  204 Bicapped tetrahedron 231 Bicapped tetrahedron 
  303 
edge-capped 
tetrahedron 
312 pentagonal pyramidal 
  402 
edge-capped 
tetrahedron 
321 Bicapped tetrahedron 
  501 pentagonal pyramidal 411 
edge-capped 
pyramidal 
  150 Bicapped tetrahedron   
  240 regular octahedron   
  330 
edge-capped trigonal 
bipyramidal 
  
  420 Bicapped tetrahedron   
  510 
edge-capped 
pyramidal 
  
      
 
Table 1. Structures of the Al-Ti-Ni cluster are showed. Numbers in the 1st, 3rd and 5th column 
indicate the number of Al, Ti and Ni atoms in each cluster.  
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Fig. 1 Ground states structures of AlxTiyNiz (             ) clusters as a function of the 
atomic composition. Blue sphere represents Ti atoms, red for Al and green for Ni. The number 
below each cluster geometry model indicates the number of Ti, Ni and Al atoms in each cluster.  
600 501 402 303 204 105 006 
510 411 312 213 114 015 
420 321 222 123 024 
330 231 132 033 
240 141 042 
150 051 
060 
21 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Average interatomic distance of AlxTiyNiz (             ) clusters as a function of the 
atomic composition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Binding energy per atom of AlxTiyNiz (             ) clusters as a function of the 
atomic composition.  
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Fig. 4 Excess energy of AlxTiyNiz (             ) clusters as a function of the atomic 
composition. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Second order difference energy of AlxTiyNiz (             ) clusters as a function of 
the atomic composition.  
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Fig. 6 Chemical order parameter ( ) of AlxTiyNiz (             ) clusters as a function of the 
atomic composition. 
  
 
                                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Ionisation potential (IP) of AlxTiyNiz (             ) clusters as a function of the 
atomic composition.  
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Fig. 8 Electron affinity (EA) of AlxTiyNiz (             ) clusters as a function of the atomic 
composition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Global hardness ( ) of AlxTiyNiz (             ) clusters as a function of the atomic 
composition. 
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Fig. 10 Mulliken electronegativity ( ) of AlxTiyNiz (             ) clusters as a function of 
the atomic composition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 HOMO-LUMO energy gaps of AlxTiyNiz (             ) clusters as a function of the 
atomic composition. 
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Alloy Symmetry AID                 
006 Cs 2.1974 –2.2485 0 –0.7447 1.7108 
060 D4h 2.5133 –2.9185 0 –0.0707 1.4716 
600 D3d 2.7920 –1.5734   0 –0.4090 1.6912 
015 Cs 2.2306 –2.8561 –0.4959 –0.1261 1.6648 
024 D4h 2.3159 –3.2757 –0.8039 0.1096 2.0109 
033 C2v 2.3333 –3.2754 –0.6920 0.0554 1.5772 
042 C2v 2.4401 –3.2003 –0.5051 0.0816 1.4305 
051 Cs 2.4302 –3.0586 –0.2517 0.0500 1.3949 
105 Cs 2.3705 –3.1303 –0.9943 0.3200 2.4689 
204 C2v 2.2984 –2.8625 –0.8391 –0.2387 1.1962 
303 C2v 2.4025 –2.8973 –0.9863 0.0590 2.2765 
402 Cs 2.4501 –2.5357 –0.7373 –0.0200 1.7679 
501 Cs 2.5454 –2.0735 –0.3876 –0.0268 1.4322 
150 Cs 2.5616 –2.9198 –0.2255 0.0020 1.5100 
240 D4h 2.5313 –2.6985 –0.2284 –0.1280 1.9369 
330 Cs 2.6195 –2.5140 –0.2680 –0.0810 1.7266 
420 C2v 2.6999 –2.1343 –0.1126 –0.2348 1.2308 
510 Cs 2.6634 –1.8912 –0.0936 –0.1543 1.7140 
114 Cs 2.3364 –3.2740 –1.0264 0.1929 2.3459 
123 Cs 2.3755 –3.2590 –0.8996 0.0831 1.9130 
132 Cs 2.4276 –3.1450 –0.6741 0.0470 1.3837 
141 Cs 2.4871 –2.9957 –0.4130 0.0125 1.5780 
213 Cs 2.4023 –3.1035 –0.9684 0.0827 1.9516 
222 Cs 2.4331 –2.9811 –0.7343 –0.0032 1.3557 
231 Cs 2.4892 –2.8767 –0.5182 0.0426 1.6765 
312 Cs 2.4118 –2.8511 –0.8285 0.0863 1.6923 
321 Cs 2.5242 –2.6705 –0.5362 0.0442 1.5200 
411 Cs 2.4949 –2.4009 –0.4908 0.0415  2.0300 
       
 
Table 2. Properties of AlxTiyNiz clusters with        . Numbers in the first column 
indicate the number of Al, Ti and Ni atoms in each cluster. The average interatomic distances 
(AID), binding energy per atom (  ), excess energy (    ), second order difference energy (  ), 
and HOMO–LUMO energy gaps (    ) are presented in the table. The unit of AID is Angstrom 
( ) and   ,     ,    and      are in the unit of electronvolt (  ). 
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Alloy  –  pairs   IP  EA        
006 0 0 9 0 0 0 1 5.0352 1.9009 3.1343 3.4680 
060 0 12 0 0 0 0 1 4.9202 1.6542 3.2660 3.2872 
600 12 0 0 0 0 0 1 6.5081 2.2685 4.2395 4.3883 
015 0 0 5 0 0 5 0 3.6124 2.8348 0.7776 3.2236 
024 0 1 4 0 0 8 –0.2308 5.7500 1.0726 4.6773 3.4113 
033 0 3 0 0 0 8 –0.4545 4.9424 1.2758 3.6667 3.1091 
042 0 6 0 0 0 6 0 4.6871 1.3275 3.3595 3.0073 
051 0 9 0 0 0 3 0.5 4.3044 1.4923 2.8121 2.8983 
105 0 0 7 5 0 0 0.1667 8.8293 –1.4159 10.2453 3.7067 
204 1 0 3 8 0 0 –0.3333 4.1142 1.7507 2.3635 2.9325 
303 3 0 0 7 0 0 –0.4 7.4341 –0.0486 7.4826 3.6927 
402 4 0 0 7 0 0 –0.2728 5.8154 1.4024 4.4130 3.6089 
501 5 0 0 5 0 0 0 5.9898 1.8785 4.1113 3.9341 
150 0 9 0 0 3 0 0.5 5.9271 0.5799 5.3473 3.2535 
240 0 4 0 0 8 0 –0.3333 5.9192 1.2855 4.6336 3.6023 
330 0 3 0 0 8 0 –0.45 6.2936 1.3395 4.9541 3.8166 
420 3 1 0 0 8 0 –0.3333 5.4543 1.9843 3.4700 3.7193 
510 6 0 0 0 4 0 0.2 6.1389 1.4629 4.6760 3.8009 
114 0 0 4 4 1 4 –0.3846 6.3526 0.9253 5.4273 3.6390 
123 0 1 0 2 2 6 –0.8181 5.4550 1.0456 4.4094 3.2503 
132 0 3 0 2 3 4 –0.5 5.2388 0.8214 4.4174 3.0301 
141 0 5 0 1 3 2 –0.9090 5.5875 0.8501 4.7374 3.2188 
213 1 0 0 5 2 3 –0.8181 5.5041 1.0529 4.4512 3.2785 
222 0 1 0 3 4 4 –0.8333 5.2723 1.6985 3.5739 3.4854 
231 0 3 0 1 6 2 –0.5 5.6497 1.6794 3.9703 3.6645 
312 1 0 0 4 3 2 –0.8 5.9228 1.5396 4.3832 3.7312 
321 1 1 0 2 6 2 –0.6667 6.0685 1.4751 4.5934 3.7718 
411 2 0 0 3 4 1 –0.6 6.2539 1.7434 4.5104 3.9987 
       
   
Table 3. Properties of AlxTiyNiz clusters with        . Numbers in the first column 
indicate the number of Al, Ti and Ni atoms in each cluster. The number of nearest neighbor pairs 
(in sequence of Al–Al, Ti–Ti, Ni–Ni, Al–Ni, Al–Ti and Ti–Ni), chemical order ( ), ionization 
potential (IP), electron affinity (EA), global hardness ( ) and Mulliken electronegativity ( ) are 
presented in the table. There is no unit for   and the unit of IP, EA ,   and   is electronvolt (  ). 
33 
  
 
Alloy              〈 〉 〈 〉  ⁄  
006 1 –246241.342 –246241.188 
 
188.256 
 
31.376 
 
060 1 –138677.335 –138677.160 297.875 
 
49.646 
 
600 1 –39583.427 –39583.280 
 
281.389 
 
46.898 
015 1 –228316.983 –228316.832 
 
184.386 
 
30.731 
024 1 –210391.496 
 
–210391.347 
 
222.542 
 
37.090 
033 1 –192463.490 –192463.336 
 
233.030 
 
38.838 
042 1 –174535.035 –174534.866 
 
250.744 
 
41.791 
051 1 –156606.180 
 
–156606.014 
 
273.329 
 
45.555 
105 2 –211804.322 
 
–211804.182 
 
225.358 
 
37.560 
204 1 –177360.405 
 
–177360.224 
 
223.446 
 
37.241 
303 2 –142918.303 
 
–142918.131 
 
250.248 
 
41.708 
402 1 –108473.823 
 
–108473.655 
 
247.223 
 
41.204 
501 2 –74028.739 
 
–74028.594 
 
284.405 
 
47.401 
150 2 –122163.037 
 
–122162.889 
 
309.165 
 
51.528 
240 1 –105647.403 
 
–105647.214 
 
277.511 
 
46.252 
330 2 –89131.989 
 
–89131.8391 
 
302.352 
 
50.392 
420 1 –72615.405 
 
–72615.2587 
 
308.101 
 
51.350 
510 2 –56099.640 
 
–56099.497 
 
303.740 
 
50.623 
114 2 –193877.180 
 
–193877.013 
 
221.678 
 
36.946 
123 2 –175949.085 
 
–175948.931 
 
247.314 
 
41.219 
132 2 –158020.397 
 
–158020.237 
 
271.550 
 
45.258 
141 2 –140091.496 
 
–140091.331 
 
270.691 
 
45.115 
213 1 –159433.846 
 
–159433.676 
 
237.198 
 
39.533 
222 1 –141505.107 
 
–141504.941 
 
257.557 
 
42.926 
231 1 –123576.476 
 
–123576.291 
 
267.729 
 
44.622 
312 2 –124990.021 
 
–124989.843 
 
253.264 
 
42.211 
321 2 –107060.933 
 
–107060.769 
 
287.704 
 
47.951 
411 1 –90545.009 
 
–90544.846 
 
282.451 
 
47.075 
      
 
Table 4. Properties of AlxTiyNiz clusters with        . Numbers in the first column 
indicate the number of Al, Ti and Ni atoms in each cluster. Followed by multiplicity ( ), total 
energy (   ), summation of total energy and zero point energy (      ) , static mean 
polarizability (〈 〉 )  and mean polarizability (〈 〉  ⁄  ) . The unit of the    and        is 
electronvolt (  ), whereas the unit of 〈 〉 and 〈 〉  ⁄  is atomic unit (    ). 
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Definitions of ionization potential (IP) and electron affinity (EA) in the context of the 
AlxTiyNiz clusters 
Ionization potential (IP) is defined as the total energy difference between the electronic ground 
structure of the cationic and the neutral cluster structures,  
                            
Electron affinity (EA) is defined as the total energy difference between the neutral and anionic 
cluster structures,  
                           
 
 
 
Definitions of global hardness ( ) and Mulliken electronegativity ( ) 
Global hardness ( ) and Mulliken electronegativity ( ) are two quantitative parameters 
measuring the chemical reactivity of a given specific cluster in a charge transfer process. They 
are defined in terms of IP and EA, as per 
           
 
 
 
  
 
 
(     )   
 
 
 
